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Abstract 
This paper presents an approach that combines Integer Linear Programming (ILP) and energy use in order to find near-optimal 
solutions in a reduced amount of time. Considering that the resulting design can be unfeasible because of the probable changes in 
the nodes’ heads and therefore in the demand flows, and also because of the reconstruction of the looped network, there is a 
necessity for various iterations of the methodology that explore the head assignation space in an intelligent way. The methodology 
is tested for different scenarios showing the advantages of this approach. 
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1. Introduction 
A gravity Water Distribution System (WDS) is typically composed of one or more reservoirs, a set of pipes and a 
set of demand nodes that are located at the pipes’ junctions. Two possibilities exist when it comes to modeling these 
systems: demand-driven models, in which the demand in each node is constant, known and independent from the 
system’s behavior. Pressure-driven models are the second possibility, in which the demanded flow rate in each node 
is a function of the system’s pressure. Useful models for leakage consideration and location are available for the latter 
WDS group.   
Regardless of the type of WDS that is being modeled, optimal network design has been of great interest for 
researchers, this being due to the role that WDS have when it comes to social development. Optimal design consists 
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in choosing a diameter for each of the pipes in the system and thereby ensuring that the pressure in each one of the 
nodes is greater than or equal to a minimal allowable limit. It also seeks to minimize the system’s construction costs. 
Several methodologies have been used to address demand-driven models, first through traditional optimization 
techniques such as enumeration, linear and non-linear programming and later through different metaheuristics 
algorithms. Some of the most successful of these algorithms are Genetic Algorithms [5], Harmony Search [6] and 
Simulated Annealing [7]. Recently, few but very effective methodologies have appeared, some of which involve 
hydraulic pressure surfaces based on the I-Pai Wu work presented in 1975 [10] (they are explained on [8], [4] and [3]). 
These methodologies were followed by one that used hydraulic principles to obtain an open network (Mock Tree). 
This new methodology was derived from the original looped network and the Integer Linear Programming (ILP) 
principles that had been used on open network design [9]. 
In comparison, few methodologies have been tested on pressure-driven models. The existent ones are mostly 
applied to irrigation networks and emitters at their nodes, and include Genetic Algorithms [12], Fuzzy Linear 
Programming [14] and Recursive Design [13]. An approach that combines energy use and ILP has also been proposed; 
it was first applied to irrigation systems [2] and was later extended to the design of pipe series with emitters in each 
node, mainly addressing leakages and fire water networks [11].  
Although some methodologies have been proposed for pressure-driven models, the research is small compared to 
that concerning demand-driven models. This paper presents an approach called the Mock-Tree Pressure Driven 
methodology. This methodology combines the already mentioned Mock Tree (previously applied for demand-drive 
models exclusively) and the ILP algorithm (mainly used in pressure-driven models). As it will be shown, this 
methodology’s combination led to the finding of near-optimal solutions in a reduced amount of time.  
2. Methodology 
The developed design methodology for pressure driven networks using mock open tree topology consists in 4 
sequential sub-processes, which are explained below. Note that even if all of the sub-processes names are similar to 
the former Mock-Tree methodology [1], only the two last ones have exactly the same implementation. On the other 
hand, the Mock-Tree design that implements ILP sub-process doesn’t consider the former ILP straightforward 
formulation [2], because it incorporates the methodology of ILP pressure driven design presented by [11]. Moreover 
the variations in the first steps are due to the evolution from a demand driven network to a pressure driven network.  
2.1. Sump Search or tree Structure 
The idea of decomposing a looped system into an open tree-like structure was first conceived during the 
development of energy based design methodologies (for demand driven models) as SOGH [4] and OPUS [3]. It is 
based on two fundamental principles: the first one is an aim to decrease the redundancy, owing to the fact that even if 
it favors reliability, is hydraulically inefficient and it would be reflected in additional costs. The second principle states 
that as the design flow for a pipe increases, the marginal cost decreases; this is drawn from the flow expression, derived 
from the Darcy-Weisbach and Colebrook-White equations, along with the unitary cost equation as a function of the 
diameter [3]. 
As a result, and considering that the optimum design of a demand driven open system can be reached through the 
application of ILP, new methodologies were developed (i.e. the Mock-Tree methodology [1]), with the main goal of 
designing a looped network through an initial configuration derived from the design of the original model equivalent 
tree structure. Given the success of the Mock Tree methodology, the present work uses the same algorithm for the 
construction of the open network, as the considered hydraulic principles remains valid even if the application of the 
ILP differs in order to be used on a pressure driven model. 
This algorithm is called “Sump search”, and it uses a cost-benefit function (B/$) because it favors the creation of 
few main routes that transport the largest portion of the total water volume. The procedure initiates by setting up the 
open network starting from the water sources and then adding adjacent pipe-node pairs, one at a time. In each iteration, 
the group of available pairs conforms the ‘search front’ and each of these pairs is assigned with its calculated cost-
benefit value, building up a recursive process that adds the pair with the higher cost-benefit value on the current ‘search 
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front’ to the tree structure. Finally, the process concludes when all of the system nodes have been added to the tree 
structure and the end the leaf nodes in the tree structure are assigned the status of ‘sumps’. 
The used cost-benefit function of a pair computes the quotient between the outflow of the new node and the marginal 
cost of connecting it to the source: This entails the addition of the total cost of the pair’s pipe to the cost difference of 
transporting the additional flow through all of the upstream pipes, see in (1).  
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Where, ܥ݋ݏݐ௜ is the marginal cost of adding the adjacent pipe-node pair; ܱݑݐ݂݈݋ݓ௜ is the sum of the base demand 
and the emitter’s flow on node ݅ calculated with the minimum pressure allowed  ௠ܲ௜௡on the system; namely the 
additional flow that will be transported through the tree structure if pair ݅ was added to the tree; ܨ݈݋ݓܴܽݐ ௝݁ is the flow 
that goes through pipe ݆  of the tree before adding any adjacent pipe-node pairs; and ܥ݋ݏݐܳሺܳሻ  function is an 
estimation of the cost that will be incurred in when flow rate ܳ if flowing through the analyzed pipe (2) . 
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Fig. 1 shows the result for the entire execution of the sub-process on two different study cases based on the 
benchmark Taichung which are explained further in the Results section. 
2.2. Mock-Tree Design Using ILP or Pressure-Driven Design 
Once the tree structure has been defined for the network, the design algorithm is the one proposed by [11]. This 
approach converts a pressure-driven model into an equivalent demand-driven one, designs it using Integer Linear 
Programming (ILP), and executes the hydraulic for the solution obtained under a pressure-driven scenario until the 
constraint of minimum pressure is satisfied in each node of the WDN. The algorithm is divided in 5 steps described 
on next. 
 
Fig. 1. Tree structure for the study cases: (a) Taichung-All Emitter’s Demand and (b) Taichung-Combined Demand 
2.2.1. Predefine Hydraulic Grade Line  
In order to calculate the demands of the WDN being analyzed as a pressure-driven model, a Hydraulic Grade Line 
(HGL) must be estimated a priori. In order to obtain the best estimation method [2] and then [11], proposed three 
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iterative techniques to define the HGL; finding that with an initial minimum pressure surface that assigns to each node 
the minimum allowable pressure the least cost designs are achieved and therefore is the one recommended for this 
step. 
2.2.2. Estimation of Network Demands 
As shown in (3), the demand in each node of the system can be divided into two terms: the base flow QBASE, which 
is a flow rate that is always expected to be demanded by the node and that is defined by the designer of the WDN, and 
the emitter flow, which is the flow rate that the system represented by that node will give out depending on the node’s 
pressure. In this second term of the equation, the pressure of the node is represented by hi, and the parameters of the 
emitter are given by the coefficient k, and the exponent x.  
   (3) 
2.2.3. Design with Integer Linear Programming 
After estimating the flow rates in each node of the system during the previous step, an ILP formulation was used 
for achieving its optimal design. For this formulation, the decision variables are Xijd which are defined by (4): 
  (4) 
where N is the set of nodes in the WDN, ΦD as the set of available diameters, and Hi as an auxiliary variable that 
represents the total head in the node i N. The objective function is as shown in (5) as a linear function of Xijd where 
Cijd  is the total cost of assigning the diameter d ΦD  to the pipe that goes from the node i N to the node j N. 
  (5) 
Finally, the constraints of the ILP problem are defined by (6), (7) and (8) which are minimum allowable pressure 
constraints, energy conservation constraints and only one diameter per pipe constraints respectively. 
  (6) 
 
(7) 
  (8) 
where Hj(min) is the minimum allowable head in the node, dpijd is the total head losses that occurs in pipe from i
N to j N when a diameter d ΦD is assigned, and w(i,j) is a function that represents the connectivity of the systems 
returning 1.0 when the pipe that goes from node i N to j N actually exists, and 0.0 otherwise. 
The previous formulation was implemented in the specialized software Xpress IVE in order to address this ILP 
problem. The results are always in terms of the decision variables ௜ܺ௝ௗ  and therefore, for each pipe the assigned 
diameter is the one that has a value of 1.0 in the solution given by the software.  
2.2.4. Hydraulic Execution with Pressure-Driven Demands 
Once the diameters of the network are obtained with ILP, their hydraulic behavior must be verified while being 
modeled as pressure-driven demands (this, regarding that the diameters were obtained from constant demands). 
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During this step, the diameters obtained in the previous step must be assigned to the study case, including the 
corresponding parameters of the emitters. Finally, a hydraulic calculator was used to obtain the pressures at each node 
of the system.   
2.2.5. Iteration Process 
The last step of the Pressure-Driven Design consists in the verification that every node in the system meets the 
minimum pressure constraint. So, if in all the nodes the pressure is higher than the minimum one, then the design 
process has ended. Otherwise, the minimum pressure is assigned to the nodes where their pressure is below the 
minimum, and the process return to the step of demands’ estimation. This process should be done until there isn’t any 
node with pressure below the minimum established. 
2.3. Addition of Missing Pipes 
In this sub-process the pipes removed from the original network are added again to the tree structure and, in order 
to keep the capital cost to the lowest possible, the minimum diameter is assigned to each of them. On a demand- driven 
model, the resulting network will have the original topology and will therefore fulfill the restrictions of minimum 
pressure in equal or greater measure. This is similar to what would happen in a tree-generated structure, if it was 
composed by a single network, which in this case corresponds to a system with only one reservoir. Otherwise it is 
necessary to make sure that each node has a pressure at least equal to ୫୧୬ because of possible alteration of the pressure 
surface by flow rates from one sump to another. This is accomplished by optimization, which is the final step of the 
methodology. On a pressure-driven model however, both the minimum pressure and transported flow can decrease as 
easily as it can increase due to the addition of the missing pipes. Consequently and unlike the mock tree methodology, 
this methodology will largely rely on the final optimization step.  
2.4. Optimization 
This final sub-process has two main goals: The first one is to ensure every node has a pressure higher than or equal 
to୫୧୬; and the second one is to seek possible cost reductions. For this purpose two different metaheuristics were 
used: Genetic Algorithms (GA) and a simple heuristic referred to as Increasing and Decreasing Diameters (IDD) used 
on several former methodologies, as those explained in [1, 3]. 
IDD can establish the order in which pipes diameter values must be increased through several types of criteria. The 
first part of this heuristic consists in increasing the pipes according to the selected criteria, until the whole system has 
acceptable pressures. Afterwards, a two-way sweep is executed. It starts from the reservoirs and goes towards the 
sumps in the direction of the flow, and then back again (this allows for a double revision of pipe diameter reduction). 
If any of these changes entails a pressure deficit it must be reversed immediately, otherwise it holds. GA, on the other 
hand, implements generational reproduction with standard crossover and roulette wheel selection as reproduction 
method. This heuristic obtains its initial population from the design obtained in the previous step.   
Regardless of the heuristic that is used, the step requires the largest number of hydraulic simulations, of all the 
steps in the methodology. This should be done for the calculation and evaluation of the system’s minimal pressure at 
each iteration.  
3. Results 
The proposed methodology was tested in 4 systems that were build based on the known benchmark WDNs Hanoi 
and Taichung. These 4 study cases were developed by converting the network’s nodes into emitters, and seeking to 
obtain an outflow in each node, one that was similar to the one on the benchmark node.  
The combinations used for the development of the study cases are shown in Table 1, where original flow rate refers, 
as mentioned before, to the base flow of the Benchmark. For estimating the emitters’ coefficient k, the equation that 
models the emitters were used and solved for this parameter. In the case of the exponent x, it was selected a value of 
0.5 for all the networks.  
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Table 1. Flow rates for Study Cases’ Development 
Study Case Base Flow rate Emitter Flow rate 
Hanoi-All Emitter’s Demand 0 Approx. 100% Original Flow rate 
Hanoi-Combined Demand Approx. 50% Original Flow rate Approx. 50% Original Flow rate 
Taichung-All Emitter’s Demand  0 Approx. 100% Original Flow rate 
Taichung-Combined Demand Approx. 50% Original Flow rate Approx. 50% Original Flow rate 
3.1. Hanoi  
The Hanoi network was first presented by [15]. The head-loss equation commonly used is Hazen-Williams with a 
roughness coefficient ሺሻ of 130, the minimum pressure for the design scenario is 30 m and the pipes’ costs can be 
calculated using a potential function of the diameter with a unit coefficient of $1.1/m and an exponent of 1.5. The 
pipes commercially available are: 12, 16, 20, 24, 30 and 40 inches. The whole system is supplied by one reservoir 
with a constant head of 100 m. The topology of the network is presented in Fig. 2. 
 
Fig. 2. Layout of the study case Hanoi-Combined Demand. (a) Bade Demand (L/s) and (b) Emitters Coefficients ((L/s)/m0.5) 
 
 
Fig. 3. Layout of the study case Hanoi-All Emitter’s Demand. Emitters Coefficients ((L/s)/m0.5) 
Table 2 shows the obtained results for both Hanoi study cases and a comparison between: the design resulting from 
the application of the heuristic Genetic Algorithm at the last sub-process, the design resulting from the application of 
the heuristic ‘increasing and decreasing diameters’, the design resulting from only the first three steps of the 
methodology and the design resulting from using Genetic Algorithm by itself.  Moreover the table also shows the 
results of the original Hanoi network designed with the Mock Tree methodology and the global record for the same.  
  
 
a b 
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Table 2. Results obtained for Hanoi network. 
Study Case Algorithm Cost (M) Hydraulic 
executions  
Minimum 
pressure (m) 
Cost difference 
with record (%) 
Total flow 
transported (L/s) 
Original Record Demand driven design by [17] $6.056 18,000 30.01 N/A 5538.89 
Original Mock Tree [1] $6.163 119 30.02 1.77 5538.89 
All Emitter’s Demand Mock-Tree Pressure Driven without a final optimization $6.212 21 29.66 2.58 5544.13 
All Emitter’s Demand Mock-Tree Pressure Driven with IDD $6.364 83 30.46 5.09 5620.24 
All Emitter’s Demand Mock-Tree Pressure Driven with GA $6.235 2497,522 30.11 2.96 5541.54 
All Emitter’s Demand Genetic Algorithms $6.489 255,001 30.14 7.15 5553.13 
Combined Demand Mock-Tree Pressure Driven without a final optimization $6.399 28 29.02 5.66 5551.00 
Combined Demand Mock-Tree Pressure Driven with IDD $6.574 145 30.01 8.55 5612.23 
Combined Demand Mock-Tree Pressure Driven with GA $6.404 1747,529 30.145 5.75 5554.40 
Combined Demand Genetic Algorithms $6.641 93,201 30.25 9.66 5599.13 
3.2. Taichung 
Taichung network was first presented by [16]. The whole system is supplied by a single reservoir with a head of 
113.98 m. For its design there are 13 pipe diameter sizes commercially available, whose unit costs are listed in pairs 
(diameter in mm, cost in NT Dollars/m): 100, 860; 150, 1160; 200, 1470; 250, 1700; 300, 2080; 350, 2640; 400, 3240; 
450, 3810; 500, 4400; 600, 5580; 700, 8360; 800, 10400; and 900, 12800. The head-loss equation used is Hazen-
Williams with a roughness coefficient (C) of 100 and the minimum pressure for the design scenario is 15 m.  
 
Fig. 4. Layout of the study cases (a) Hanoi-Combined Demand. Base Demand (L/s); (b) Hanoi-Combined Demand. Emitters Coefficients 
((L/s)/m0.5) and (c) Hanoi- All Emitter Emitters Demand. Coefficients ((L/s)/m0.5) 
The network´s topology is presented in Fig. 4. Table 3 shows the obtained results for both Taichung study cases, 
and a comparison between the tested algorithms. 
 
   
b c a 
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Table 3. Results obtained for Taichung network. 
Algorithm Study Case Cost (M) Hydraulic 
executions  
Minimum 
pressure (m) 
Cost difference 
with record (%) 
Total flow 
transported (L/s) 
Record Demand driven 
design by [16] Original 8.774 74,500 N/A N/A 462.96 
Mock Tree [1] Original 8.967 48 15.02 2.20 462.96 
Mock-Tree Pressure Driven 
with IDD 
All Emitter’s 
Demand 9.299 78 15.12 5.98 481.16 
Mock-Tree Pressure Driven 
with GA 
All Emitter’s 
Demand 9.125 2497,543 15.98 4.00 474.616 
Mock-Tree Pressure Driven 
without a final optimization 
All Emitter’s 
Demand 9.207 42 13.57 4.94 474.17 
Genetic Algorithms All Emitter’s Demand 9.190 2497,501 15.04 4.74 458.242 
Mock-Tree Pressure Driven 
with IDD Combined Demand 9.230 63 15.12 5.20 462.729 
Mock-Tree Pressure Driven 
with GA Combined Demand 9.277 2047,529 15.15 5.73 462.446 
Mock-Tree Pressure Driven 
without a final optimization Combined Demand 9.385 28 15.21 6.96 468.844 
Genetic Algorithms Combined Demand 9.316 2650,001 15.96 6.18 461.322 
4. Conclusions 
This paper presented a new methodology for WDS design of pressure-driven models. This methodology is based 
on the decomposing of a looped network into an open one, and then applying Integer Linear Programming iteratively 
to determine the diameter configuration that allows cost minimization. The methodology also requires and 
optimization process to adjust the results of the open network to the looped one. Two procedures that could address 
this issue were tested, and we found that whereas GA accomplished the lowest costs, IDD required the least number 
of hydraulic executions. 
The methodology was tested on four pressure-driven systems with a topology based on the known benchmark 
Hanoi and Taichung. The results achieved with the proposed methodology were always better than common GA 
applied to WDS design, on the quality of the final design and also on the required computational time. 
As has been concluded in previous investigations, the use of hydraulic criteria to solve for minimum-cost designs 
allows the researcher to reach near-optimal solutions in a reduced amount of time. Improving these designs usually 
requires high-computational effort compared the initial ones. Finally, final cost reduction of the system is only about 
5% in the best case scenario.  
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